The hedgehog (hh) genes encode secreted signaling proteins that have important developmental functions in vertebrates and invertebrates. In Drosophila, expression of hh coordinates retinal development by propagating a wave of photoreceptor differentiation across the eye primordium. Here we report that two vertebrate hh genes, sonic hedgehog (shh) and tiggy-winkle hedgehog (twhh), may perform similar functions in the developing zebrafish. Both shh and twhh are expressed in the embryonic zebrafish retinal pigmented epithelium (RPE), initially in a discrete ventral patch which then expands outward in advance of an expanding wave of photoreceptor recruitment in the subjacent neural retina. A gene encoding a receptor for the hedgehog protein, ptc-2, is expressed by retinal neuroepithelial cells. Injection of a cocktail of antisense (␣shh/␣twhh) oligonucleotides reduces expression of both hh genes in the RPE and slows or arrests the progression of rod and cone photoreceptor differentiation. Zebrafish strains known to have mutations in Hh signaling pathway genes similarly exhibit retardation of photoreceptor differentiation. We propose that hedgehog genes may play a role in propagating photoreceptor differentiation across the developing eye of the zebrafish.
INTRODUCTION
The vertebrate retina comprises three cellular layers that contain arrays of multiple cell types derived from a retinal neuroepithelium (Stone, 1988) ; this retinal neuroepithelium consists of multipotent precursor cells that differentiate into specific retinal cell types based on instructive molecular signals that are present when cells are competent to respond (Wetts et al., 1989; Reh, 1991; Adler, 1993) . Known signals that may be involved in coordinating retinal cell proliferation, commitment, and differentiation include several growth factors/cytokines (Anchan et al., 1991; Guillemot and Cepko, 1992; Lillien and Cepko, 1992; Tcheng et al., 1994; Anchan and Reh, 1995) , retinoids (Stenkamp et al., 1993; Kelley et al., 1994 Kelley et al., , 1995 Hyatt et al., 1996a,b) , and neurotransmitters (Pow et al., 1994; Redburn and Rowe-Rendleman, 1996) . Additionally, factors derived from the subretinal space, or from the retinal pigmented epithelium (RPE), have been described as having one or more of these effects, but most of these factors have not been conclusively identified (Liu et al., 1988; Spoerri et al., 1988; Hewitt et al., 1990; Watanabe and Raff, 1992; Steele et al., 1993; Sheedlo and Turner, 1996) . It is therefore likely that many of the signaling molecules involved in the regulation of retinal cell differentiation remain undescribed.
The study of the molecular basis of retinal cell differentiation has recently benefited from the investigation of the development of the compound eye of Drosophila. Several genes critical for morphogenesis or cell differentiation in the Drosophila eye have vertebrate orthologues that are expressed during eye development and may have similar functions (e.g., pax genes, Gehring, 1996 ; Notch, Dorsky et al., 1997) . One of these genes, hedgehog (hh), "pushes" development across the insect eye primordium (Heberlein and Moses, 1995) in the following manner. The Drosophila eye develops in a posterior-to-anterior gradient in association with a linear, morphogenetic furrow (Ready et al., 1976) , and hh is expressed in newly generated photoreceptors behind (posterior to) the morphogenetic furrow. The protein product of the hh gene is a diffusible signaling molecule (Lee et al., 1992) that induces cells anterior to the furrow to undergo their final mitotic division, enter the morphogenetic furrow, and then begin to differentiate (Heberlein et al., 1993; Ma et al., 1993) .
Orthologues of hh also function during vertebrate eye development. For example, expression of the genes sonic hedgehog (shh) and tiggy-winkle hedgehog (twhh) at the ventral midline of the zebrafish diencephalon is important for tissue patterning during early eye morphogenesis (Ekker et al., 1995; Macdonald et al., 1995) . Potential involvement of hh genes at later steps of retinal development, including photoreceptor differentiation, has also been suggested. Jensen and Wallace (1997) observed expression of shh in embryonic and adult mouse retina, and Levine et al. (1997) detected Indian hedgehog (Ihh) in the RPE of the embryonic rat. Both groups have shown that treatment of cultured, embryonic retinal progenitor cells with recombinant Shh protein induces some degree of proliferation and a consequent increase in numbers of differentiated retinal cells. Together these data suggest that hh genes may play a role in later stages of vertebrate retinal development, although the function of vertebrate hh genes during retinal development in vivo has not been investigated.
Here we report that shh and twhh are expressed in the RPE of the embryonic zebrafish, in a pattern that predicts the pattern of photoreceptor differentiation in the neural retina. Using a cocktail of antisense oligonucleotides that specifically decreased shh and twhh expression in the RPE, and by examination of zebrafish carrying mutations in genes in the Hh signaling cascade, we have determined that hedgehog genes are important for the propagation of rod and cone photoreceptor development. A preliminary report of these results has been published in abstract form (Stenkamp and Raymond, 1997) .
METHODS

Tissue Preparation
Zebrafish (Danio rerio), obtained from a local pet store, were bred in the laboratory according to Westerfield (1995) . Virtually all embryos (except where indicated) were treated at 12 h postfertilization (hpf) with 0.003% phenothiourea (PTU) to inhibit the synthesis of melanin and keep the embryos transparent (Westerfield, 1995) . Embryos were fixed in 4% paraformaldehyde and were either stored in 100% MeOH as whole mounts or frozen and sectioned at 3 m, as described previously (Barthel and Raymond, 1990) .
The you-too (yot) and sonic-you (syu) mutant embryos were generously provided by D. Raible (University of Washington) and A. Chandrasekhar (University of Missouri), respectively. Embryos from heterozygous crosses were treated with PTU at 12 hpf, then fixed with 4% paraformaldehyde at approximately 75 hpf. Homozygous mutants of both types were identified by their curled tails (Brand et al., 1996) .
In Situ Hybridization
Full-length cDNAs (in pBluescript) corresponding to zebrafish shh, twhh, patched-1 (ptc-1) and ptc-2, and goldfish rod opsin (GFrod) and red cone opsin (GFred) were generous gifts from P. Beachy (Johns Hopkins University), S. Ekker (University of Minnesota), P. Ingham (University of Sheffield, UK), and K. Nakanishi (Columbia University), respectively, and were used to prepare digoxigenin-(DIG) or fluorescein-(FL) labeled cRNA probes for nonradioactive in situ hybridization, using the Genius kit (Roche, Indianapolis, IN) .
In situ hybridization methods for cryosections and whole mounts have been described . For double in situ hybridization, 4 g/ml of each probe was included in the hybridization solution. Tissue was incubated first with 1:2000 ␣-DIG Fab fragments conjugated to alkaline phosphatase (Roche), followed by incubation in the color substrate Fast red (Roche). Tissue was then treated with 0.1 N HCl and then incubated with the ␣-FL antibody (1:1000) and visualized with the color substrate mixture, 4-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP; Roche) (Hauptmann and Gerster, 1994) .
Immunocytochemistry
Polyclonal rabbit ␣-rat Hh (H4; Ericson et al., 1996 ) was a generous gift from H. Roelink (University of Washington); rabbit ␣-protein kinase C (PKC) was from Chemicon (Temecula, CA) and mouse monoclonal zpr-1 (formerly known as FRet 43) was from the University of Oregon zebrafish monoclonal facility. Sections were blocked for 30 min with 20% normal goat serum in phosphatebuffered saline with 0.5% Triton X-100 and incubated overnight at 4°C with primary antibody (H4, 1:2000; PKC, 1:1000; zpr-1, 1:200; RET1, 1:200), and labeling was visualized using Cy3-or FITCconjugated, donkey ␣-rabbit (or ␣-mouse) IgG (1:200; Jackson Immunoresearch). Sections were mounted in carbonate-buffered 60% glycerol (pH 9.0) containing 0.4 mg/ml phenlyenediamine to preserve fluorescence.
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)
Embryos were fixed using the methanol-replacement method described in Westerfield (1995) ; this method results in embryos firm enough for subsequent dissection and with good biochemical preservation. Eyes were removed from thawed embryos by using curved, sharpened forceps, then eye and body tissues were refrozen separately. Tissue was homogenized and extracted using the Qiagen RNeasy kit, then treated with RNase-free DNase (Roche). Gene-specific primers were used to reversetranscribe ptc-2 (5Ј-GCCGTACAGACTGACCCCGAGGAGT-3Ј) and as a positive control for RNA quality, zmax (5Ј-CAAGGGGGTACATTGATAGATGCTT-3Ј). zmax has been shown to be present at constant levels throughout development and in all tissues (Schreiber-Agus et al., 1993) . A 333-bp fragment of ptc-2 was amplified using nested reverse primer 5Ј-CGTATACCAGAATCCCCAAACTGAG-3Ј and forward primer 5Ј-CTACAGCCCTCCACCCTCCTAC-3Ј. A 652-bp fragment of zmax was amplified using nested reverse primer 5Ј-TTAGAAAGGCAAATCACTCAGGACA-3Ј and forward primer 5Ј-CAAGTACGGGCACTGGAGAAAG-3Ј. Samples were heated at 94°C for 10 min before addition of template, and PCR was carried out for 40 cycles. Cycling conditions for both genes were denaturing, 94°C for 30 s; annealing, 55°C for 30 s; extension, 72°C for 1 min. RT-PCR products were separated by electrophoresis on 1.5% agarose gels and visualized using ethidium bromide. Sequences of amplified PCR products were confirmed by restriction analysis and were sequenced by using Big Dye Terminator amplification (Applied Biosystems, Inc.) and analysis at the Washington State University core sequencing laboratory.
Oligonucleotide Injections
Antisense 20-mer oligonucleotides (oligos; phosphorothioate linkage) were synthesized at a core facility at the University of Michigan, then purified by ethanol precipitation, or purified oligos were purchased from Genosys Biotechnologies (The Woodlands, TX). Oligos were designed to specifically hybridize with regions of the shh and twhh messages corresponding to regions near the N-terminus, the autoproteolytic site (Lee et al., 1992) , and the C-terminus of each Hh protein. Three regions were chosen for each gene to maximize chances of targeting a site susceptible to oligonucleotide-RNA hybridization (Juliano et al., 1999) . Each oligo contained 55-80% GC, and a FASTA search was conducted to verify that each had no significant homology with any other known vertebrate gene sequence. No potential internal secondary structures were identified using PCGene software, nor was potential hybridization between any two oligos detected. The antisense oligo sequences (corresponding to the base-pair interval indicated) were 5Ј-CTCAGCCTCTGCCAGGACCG-3Ј (shh-1, 72-95); 5Ј-GG-AGGTGAGCGGCGGTGAGG-3Ј (shh-2, 795-814); 5Ј-GG-AGCCTGGAGTACCAGTGG-3Ј (shh-3, 1164 -1183); 5Ј-CC-TCTACCAGGACCACAGGC-3Ј (twhh-1, 76 -95); 5Ј-GC-C T T C T C G T T G T C G G A T C G -3 Ј ( t w h h -2 , 7 4 1 -7 6 0 ) ; 5Ј-CCGTGCGCGGTGACGGGCGC-3Ј (twhh-3, 982-1001).
Injection pipets were prepared from 1.0-mm glass capillaries and used to deliver a solution containing 120 M total oligonucleotide (each at 20 M), along with 0.1% phenol red (as a visible tracer); the injected volume was controlled by a pico-injector. Lipofectamine (at 6%; Gibco BRL) was included in the injection solution to improve cellular penetration of the oligos (Juliano et al., 1999) . Zebrafish embryos (53-56 hpf) were manually dechorionated in embryo medium (Westerfield, 1995) , lightly anesthetized in 0.05% tricaine methanesulfonate (MS-222), and immobilized by tucking their tails into narrow depressions in 1.0% agar solidified in a 100-mm petri dish. The injection pipet was inserted into the head mesenchyme, behind one of the eyes (taking care to avoid puncturing the neural tube), and approximately 5 nl of injection solution was delivered, estimated to achieve a concentration of 15-25 M total oligo within the embryo's head. The injected solution filled the mesenchymal space between the developing eyes and neural tube, on both sides of the head, causing a slight, temporary expansion of head size. Control embryos were injected with a nonsense oligonucleotide at 120 M to achieve an estimated concentration of 15-25 M within the embryo head. The nonsense sequence was 5Ј-CGTGCGACGTAGTCGACTGG-3Ј. Injected embryos were returned to embryo medium containing 0.003% PTU, then fixed with 4% paraformaldehyde either 2 or 20 h later. Survival rates following injection were 95-100%.
Effectiveness of antisense oligonucleotides was tested by injecting midepiboly stage embryos. When observed at 30 hpf, most of these embryos displayed cyclopia or other abnormalities associated with faulty Hh signaling, while embryos injected with the nonsense oligo showed no such abnormalities (data not shown).
Analysis of Rod and Red Cone Opsin Expression
Eyes were removed from zebrafish embryo whole mounts (hybridized with GFrod or with a combination of GFrod and GFred), mounted under 100% glycerol, and viewed with bright-field and/or epifluorescence optics. The extent of opsin expression in each eye was assessed using the rod and cone recruitment stages defined by . Rod recruitment stages were as follows: stage 0, no cells expressed opsin; stage 1, fewer than 20 opsinexpressing rods in a ventronasal patch; stage 2, the patch contained more than 20 rods; stage 3, rods in the patch were too dense to count, and there were scattered rods outside the patch; stage 4, scattered rods were at higher density and a temporoventral patch had appeared; stage 5, ventronasal and ventrotemporal patches had fused to form a dumbbell shape; and stage 6, the density of rods outside the patch had increased further. Red cone recruitment stages were similar to those for rod recruitment, but reflected distinct aspects of cone pattern formation . A normalized arithmetic mean was calculated for the frequency distributions of rod (or red cone) recruitment stages for each experimental group, with the equation 1/s ¥f i x i , where f is the frequency of observations of each stage, x is an integer corresponding to the stage category, and s is the total number of possible stages (Stenkamp et al., 1996) .
Analysis of Expression of Other Cell-Specific Markers
Representative sections that passed centrally through the eye (lens size was used as a landmark), and that had a dorsal/ventral orientation (the oral cavity was used as a ventral landmark), were chosen from three to five individual embryos per treatment (and per antibody). Analysis of labeling was done in four ways: (1) immunoreactive cells were counted; (2) zpr-1-labeled cone inner segments were counted; (3) microphotographic images were printed, then a line was drawn from the center of the ocular lens through the most dorsal labeled cell to the RPE and another line was drawn from the center of the lens through the most ventral labeled cell to the RPE, then a map measurer was used to measure the distance, along the RPE, from each line to the lens and to measure the distance between each line (m retina "covered"); and (4) percentage retinal coverage was then calculated as the fraction of the total RPE distance that was contained within the two lines. Statistical comparisons of parameters 1, 2, and 3 were done using unpaired t tests.
Analysis of Eye Size
For experiments 4, 5, and 7 (see Table 1 ) eye size was measured immediately after fixation by mounting whole embryos on their sides in "embryo chambers" (Westerfield, 1995) and obtaining bright-field digital images using a Spot camera on a Leica DMR microscope. Triplicate measurements (which were then averaged) of the long axis of one eye from each embryo were obtained using the measuring tool in ScionImage; these measurements were calibrated with a stage micrometer. Average eye diameters were compared for different experimental groups using unpaired t tests.
Photography
Images were photographed with Ektachrome 160 film (Eastman Kodak, Rochester, NY), or by using the digital camera, under Nomarski differential interference contrast (in situs/cryosections), bright-field (in situs/whole mounts), or epifluorescence (immunocytochemistry) optics, or by using some combination of these optical systems. Film images were digitized and all images were processed to match contrast and color balance with Adobe PhotoShop (Adobe Systems, Mountain View, CA), then printed on a Kodak XL8600 dye-sublimation printer.
RESULTS
sonic hedgehog (shh) and tiggy-winkle hedgehog (twhh) Are Expressed in the Retinal Pigmented Epithelium of Zebrafish Embryos in a Spatiotemporally Restricted Pattern
PTU-treated, embryonic zebrafish (24 -81 hpf) were fixed and processed as whole mounts for in situ hybridization with cRNAs corresponding to zebrafish shh and twhh. Consistent with previous reports (Ekker et al., 1995; Macdonald et al., 1995) , early embryos (Ͻ48 hpf) showed shh and twhh expression along the ventral midline of the developing neural tube (data not shown), and older embryos (Ͼ48 hpf) also showed shh expression in the fin bud (data not shown) and the lining of the foregut ( Fig. 1A and Krauss et al., 1993) . In animals older than 48 hpf, hybridization was also conspicuous on the ventronasal surface of each eye (Fig. 1A) . The pattern of expression was virtually identical for twhh (data not shown; see Ekker et al., 1995) .
To identify the cellular location of shh and twhh expression in the eye, and to determine the spatiotemporal pattern of shh and twhh expression, serial sections of several different ages of embryos (39, 45, 48, 50, 54 , and 81 hpf; two to five PTUtreated embryos at each age) were hybridized with the shh and twhh cRNA probes. This procedure revealed that both genes were expressed at the ventral midline of the developing CNS and the lining of the foregut, as expected, as well as in the RPE (Figs. 1B-1G ). The RPE, usually identified by the presence of melanin pigment, is still recognizable in PTU-treated (unpigmented) embryos as a thin sheet of cells located adjacent to the neural retina. Sense probes failed to hybridize with RPE or with any other embryonic tissue at any of the ages examined (data not shown).
Expression of shh and twhh in the RPE commenced between 39 and 45 hpf. At 45 hpf expression of both genes in the RPE was restricted to a small region in the ventronasal quadrant of the developing eye and therefore visible only in the few sections that passed through this region ( Fig.  1B ; data not shown for twhh). Expression later spread centrifugally such that sectioned 54-hpf embryos showed shh and twhh expression in a larger patch of RPE, but not throughout the eye (Figs. 1C-1F ). By 81 hpf, embryos showed shh and twhh expression throughout the RPE ( Fig.  1G ; data not shown for twhh). The spatiotemporal expression patterns of shh and twhh in the RPE were similar, and expression extended to, or slightly beyond, the limit of photoreceptor lamination (where the photoreceptor layer had not yet formed; see Figs. 1C-1F). Expression of shh and twhh therefore occurred immediately prior to, or concomitant with, the first morphological manifestation of photoreceptor differentiation.
To confirm that the zebrafish RPE synthesizes hedgehog protein, a rabbit anti-rat Hh polyclonal antibody (H4; Ericson et al., 1996) was applied to embryonic zebrafish cryosections (54 hpf) and detected by indirect cyanine (Cy3) immunofluorescence. These sections showed a distribution of Hh immunoreactivity similar to the expression patterns of twhh and shh mRNA: endothelial lining of the foregut, midline of the CNS, and the RPE (Fig. 1H) . Additionally, weak staining of the apical surfaces of developing photoreceptors was evident in a few sections in which the RPE had separated from the neural retina during processing (subretinal space indicated by * in Fig. 1H ), suggesting that Hh protein may be secreted into the subretinal space.
Zebrafish patched-2 Is Expressed in the Embryonic Zebrafish Eye
The protein product of the patched gene is part of the cell surface receptor complex for the Hh ligand (Marigo et al., 1996) . Two ptc genes have been identified in zebrafish, ptc-1 and ptc-2 (Concordet et al., 1996; Lewis et al., 1999) , and their expression patterns are complementary to the expression patterns of both shh and twhh, although apparently without specificity (Lewis et al., 1999) . To determine the cell type within the developing eye that might respond to the Hh protein generated by the RPE, we examined ptc-1 and ptc-2 expression by in situ hybridizations on 45-, 55-, and 80-hpf embryo cryosections. These ages were chosen to represent periods of development near the onset of hh gene expression in the RPE (45 hpf), during the time of expansion of hh gene expression throughout the RPE (55 hpf), and after initial retinal differentiation when only a residual neuroepithelium remains at the retinal margin (80 hpf). At all stages, both ptc genes were expressed strongly (ptc-1; data not shown) or weakly (ptc-2; Fig. 2A ) in a central stripe in the CNS, and in cells surrounding the foregut, as described previously (Concordet et al., 1996; Lewis et al., 1999) . No hybridization within the eye was detected for ptc-1 in any of these embryos (data not shown). However, ptc-2 cRNAs hybridized weakly with retinal neuroepithelial cells in the 55-and 80-hpf embryos (Figs. 2B and 2C) . Retinal neuroepithelial cells span the thickness of the neural retina in retinal regions that have not yet become laminated and are multipotent progenitor cells that can give rise to all retinal cell types (the most peripheral of these can also generate iris and RPE; Wetts et al., 1989; Perron et al., 1998) . In the 55-hpf embryos, ptc-2 hybridization was also occasionally observed in the RPE (not shown) and in laminated regions of the developing retina near the optic nerve (Fig. 2B) .
Because the levels of ptc-2 expression within the eye appeared to be low and difficult to analyze by in situ hybridization, we performed RT-PCR using specific primers for ptc-2 on RNA obtained from embryos collected at 45, 48, 55, and 80 hpf. PCR products of the appropriate size and with the correct nucleotide sequence were consistently amplified from 45-, 55-, and 80-hpf bodies and from 48-, 55-, and 80-hpf eyes (Fig. 2D ), but in only one of three attempts from 45-hpf eyes (not shown).
Taken together, results of the ptc-2 in situ and PCR experiments suggest that ptc-2 is expressed by tissues of the eye during the time when hh genes are expressed in the RPE. Additionally, since ptc-2 PCR products were consistently amplified from 48-hpf eye tissue or later, but not reliably from 45-hpf eyes, the onset of ptc-2 expression in the eye may occur at or shortly after 45 hpf. Since ptc gene expression can be induced by Hh signaling (Lewis et al.,
FIG. 1.
Expression of shh and twhh in the RPE of embryonic zebrafish. (A) PTU-treated, 56-hpf embryo, ventral view of whole mount. shh is expressed at the ventral midline of the developing CNS (arrowhead), in the eye (arrow), and also in the endothelial lining of the foregut (not in focus in the photo but visible as a purple haze below/between the eyes). Scale bar (applies to A, C, D, E, F, and H), 50 m. (B) Frontal cryosection of a PTU-treated 45-hpf embryo, hybridized with shh cRNA. Expression is evident in the CNS (large arrowhead), in the foregut (small arrowhead), and in a highly restricted pattern of expression in the RPE (arrow). Nearby (posterior) sections passed through the optic nerve (not shown). Scale bar, 50 m. (C-F) Cryosections of PTU-treated, 54-hpf embryos hybridized with shh (C, E, and F) or twhh (D) cRNA. C, D, and F are sections from the same embryo, C is the most anterior, F is the most posterior. E is a section from a different embryo, but with sectioning depth and orientation corresponding to a region in between D and F. In both embryos, the CNS midline (large arrowheads) and foregut (small arrowheads) are labeled, but the extent to which the signal extends across the RPE varies with the anterior-posterior level of the section. (G) Oblique, frontal cryosection of a PTU-treated 81-hpf embryo, hybridized with shh cRNA; section cuts through the middle of the left eye (right side of photo), but only grazes the ventral surface of the right eye. shh expression is evident in the CNS (large arrowhead), the RPE (arrows), and the foregut (small arrowhead). Scale bar, 50 m. (H) Cryosection of a PTU-treated, 54-hpf embryo, labeled with a polyclonal rabbit anti-(rat) Hh antibody using indirect cyanine (Cy3) immunofluorescence; large arrowhead indicates labeling of the CNS midline, small arrowhead depicts labeling of the foregut, arrow indicates labeling of the RPE. Some Hh immunoreactivity is present on apical surfaces of developing photoreceptors that are separated from the RPE by the subretinal space (*). 
FIG. 2. Expression of
Antisense shh and twhh Oligonucleotides Reduce Expression of hh Genes in the RPE
To determine whether Hh signaling affects photoreceptor differentiation, we next disrupted shh and twhh expression in the RPE by injecting a cocktail of antisense shh and twhh oligonucleotides into the head mesenchyme of 53-to 56-hpf embryos. This embryonic age was chosen because it corresponds to the interval of rapid change in the spatiotemporal pattern of hh gene expression in the RPE and rapid progression of photoreceptor differentiation (Larison and BreMiller, 1990; Schmitt and Dowling, 1996) . Control animals were either injected with a nonsense oligo at the same concentrations or were not injected.
In three of six experiments (Table 1) , the effectiveness of the oligos was analyzed by fixing some embryos approximately 2 h after injection, then hybridizing cryosections with shh and twhh cRNA probes and/or labeling sections with the Hh antibody. Embryos injected with the control, nonsense oligo showed the expected pattern of shh and twhh expression and Hh immunoreactivity, at the ventral midline of the developing CNS, in the lining of the foregut, and in restricted regions of the RPE (Figs. 3A and 3C; data not shown for twhh). However, embryos injected with the antisense oligo cocktail showed expression of shh and twhh only in the CNS and the foregut; expression of both genes, and Hh immunoreactivity, was absent or severely reduced in the RPE of these embryos (Figs. 3B and 3D; data not shown for twhh; note slight reduction in Hh immunoreactivity in the CNS in Fig. 3D ). These findings indicate that injections of antisense oligos significantly reduced expression of shh and twhh mRNA, and levels of Hh protein, in the RPE, but to a much lesser extent elsewhere in the head. Hedgehog immunoreactivity is still present in the CNS (arrowhead), but is virtually undetectable in the RPE (arrow indicates position of RPE) and is reduced in the foregut. (E) Eye from a nonsense oligo-injected embryo, fixed at 73 hpf and hybridized with GFrod, lateral view. A dense patch of opsin-expressing rods is present in ventral retina (bottom of photo), and many additional rods have begun to express opsin elsewhere in the eye. (F and G) Eyes from antisense oligo-injected embryos, hybridized with GFrod. In F, there is a dense ventral patch of opsin-expressing rods, but fewer rods are present elsewhere. In G, the ventral patch is considerably smaller and contains fewer rods, and no rods are seen elsewhere in the eye; the eye is also reduced in size compared to C. (22) 0 a Index reflects the distribution of stages of rod recruitment see Methods) , calculated using 1/s ¥f i x i , where f is the frequency of observations of each stage, x is an integer corresponding to each stage, and s is the total number of possible stages (Stenkamp et al., 1996) . (n), number of eyes examined. n.d., not determined.
b Expression of hh genes was examined by both in situ hybridization and immunocytochemistry. c Expression of hh genes was examined by immunocytochemistry only.
Antisense shh and twhh Oligonucleotides Attenuate Rod Photoreceptor Differentiation
To determine whether the reduction in shh and twhh expression in the RPE affected photoreceptor development, embryos were fixed approximately 20 h after injection and hybridized as whole mounts with a rod opsin cRNA probe (GFrod; Raymond et al., 1993) . The extent of retinal rod recruitment was assessed by staging embryonic eyes, hybridized with GFrod, according to the criteria established by see Methods) . In general, eyes from control animals were at stages 4 -6 (Fig. 3E) , while eyes from experimental embryos were at stages 2-5 (Fig. 3F) . Some experimental eyes were at stages 0 and 1 (Fig. 3G) .
Opsin expression indices were calculated as the arithmetic mean of stages observed in each experiment; they provided a measure of the average extent of rod photoreceptor recruitment for each experimental group (Stenkamp et al., 1996;  Table 1 ). Embryos injected with the antisense oligos showed a clear shift in the distribution of stages of rod recruitment observed, compared to embryos injected with the nonsense oligo; this is reflected by a lower opsin expression index (Table 1) , with the exception of experiment 6. Although the antisense-injected embryos from experiment 6 were not examined for shh and twhh expression, they showed no differences for any other quantitative measures (data not shown). We speculate that the oligos used for experiment 6 may have been degraded. Expression indices for nonsense-injected embryos did not differ greatly from indices for uninjected embryos from the same experiment (Table 1) , indicating minimal effects of the nonsense oligo on the parameters studied.
In preliminary experiments in which oligos were injected without lipofectamine, the opsin expression index was not greatly changed (approx 15% decrease), and in one of these experiments, the antisense cocktail did not reduce expression of shh and twhh in the RPE (not shown), suggesting that reduced expression of hh genes in the RPE was needed to affect opsin expression. Furthermore, these observations are consistent with suggestions that a liposome-forming reagent may be necessary either for improving cellular penetration and increasing the effective cellular oligo concentration or for protecting oligos from nuclease activity (Zelphati and Szoka, 1996) .
The results of experiments 1-5 were pooled to generate frequency distributions of the rod recruitment stages seen in each experimental group (Fig. 4) . These frequency distributions suggested that normal rod recruitment progressed from approximately stage 1 to stage 5 over the 20-h experimental interval (similar to data shown in . However, rod recruitment in shh/twhh antisenseinjected embryos progressed, on average, only to approximately stage 3 over the same interval. In a small number of cases, the spread of rod differentiation may have been arrested at the time of antisense injection, since the eyes remained in stages 0 -2 (Fig. 4) .
Effects of Antisense shh and twhh Oligonucleotides on Other Retinal Cell Types and on Eye Growth
To examine whether a reduction in hh gene expression also affects differentiation of cone photoreceptors, some embryo eyes were hybridized to a combination of GFrod and GFred . In this experiment (No. 5), the extent of retinal rod recruitment and the extent of   FIG. 4 . Effect of shh and/or twhh antisense oligos on rod recruitment. Embryos were fixed at the time of oligo injection (top) or approximately 20 h after injection (bottom 5 graphs) and hybridized with GFrod, and eyes were staged according to see Methods). red cone recruitment could be assessed by staging embryonic eyes according to the criteria established specifically for each photoreceptor subtype . Nonsense-injected embryos had a cone opsin expression index of 0.94 (n ϭ 21), compared to an index of 0.80 (n ϭ 33) for ␣ashh/␣twhh (15% decrease), indicating that the antisense injections affected red cone recruitment as well as rod recruitment (and see Fig. 5 ).
In an additional experiment (No. 7), three different retinal cell markers were used to determine whether the effect of the antisense oligos was specific for photoreceptors: antiprotein kinase C (labels bipolar cells; Koulen et al., 1997) , RET1 (labels ganglion cells and amacrine cells, among other cell types; Braisted and Raymond, 1992) , and zpr-1 (labels red/green-sensitive double cones; Larison and BreMiller, 1990) . Labeling with these cell-specific markers was done on cryosections. Representative sections from each of three to five individuals per treatment group were selected, and expression patterns of the three markers were analyzed by counting labeled cells (Table 2 , first column). The labeling of zpr-1 revealed the developing inner segments of individual photoreceptors as brightly stained apical projections of the cell body (see Fig. 6A ). The number of zpr-1-stained photoreceptor inner segments (Table 2, second column) provided a measure of photoreceptor maturation, as well as photoreceptor number. Additionally, the amount of retina "covered" by labeled cells was estimated for all antibodies used (Table 2 , third column), and this region was calculated as a percentage of total retinal surface (Table 2, fourth column). All of these quantitative measures were slightly lower for antisense-injected embryos than for nonsenseinjected embryos (Table 2 ; Fig. 6 ). However, only in the case of zpr-1 labeling of inner segments was this difference significant (Table 2 ; Fig. 6 ). These results suggest that hedgehog signaling may be important for several aspects of photoreceptor differentiation-inner segment morphogenesis as well as opsin expression. One (of eight) of the antisense-injected embryos from experiment 7 showed profound effects on expression of all three immunocytochemical markers, along with abnormalities in lamination (data not shown) and reduced eye size.
Because the eyes from some of the antisense-injected embryos appeared smaller than those from nonsense oligoinjected embryos (see and 5B), in the later experiments (4, 5, and 7) we measured maximum eye diameters immediately following fixation, prior to in situ hybridization and enucleation. In two of these three experiments the average diameter of antisense-injected eyes was a n ϭ 3-5 individuals (one representative section from each) analyzed. b n.a., not applicable. * Significantly different (P Ͻ 0.05) from control (nonsense oligo).
significantly smaller than the corresponding average from nonsense-injected eyes (Fig. 7) .
Interference with both shh and twhh Is Needed to Attenuate Photoreceptor Recruitment
To determine whether shh and twhh show functional similarity in the RPE, in experiments 4 and 5 some embryos were injected with either anti-shh oligos or anti-twhh oligos. Although effects on rod and red cone recruitment were seen in these experiments, generally these effects were of smaller magnitude. Neither anti-shh nor anti-twhh alone was sufficient to mimic the effects of the combined oligo injection (Table 1) , even though the total concentration of oligo was identical in all cases. Pooled frequency histograms of rod recruitment stages (Fig. 4) revealed a similar pattern: the distribution of opsin expression stages for embryos injected with ␣-shh or ␣-twhh was only slightly different from that for nonsense-injected embryos. These results suggest functional similarity of shh and twhh in the RPE (see also Schauerte et al., 1998; Lauderdale et al., 1998) .
sonic-you and you-too Mutants Show Abnormalities in Photoreceptor Differentiation
We next examined photoreceptor differentiation (rod and red cone opsin expression) in two zebrafish mutants in which Hh signaling is disrupted. You-too (yot ty17 ) is a mutation in the gli-2 gene (Karlstrom et al., 1999) , which encodes for a transcription factor known to mediate Hh signaling (Alexandre et al., 1996) , and sonic-you (syu 14 ) is a deletion of the shh gene (Schauerte et al., 1998) . Both of these mutants showed differences in photoreceptor differentiation compared to wild-type embryos at 75 hpf ( Fig. 5 and Table 3 ), but the syu 14 phenotype was particularly striking. Only a few eyes from syu 14 embryos showed more than the small ventral patch of opsin-expressing photoreceptors, and some of them showed no opsin expression in the eye at all (although both opsin genes were expressed in the pineal; data not shown). Syu 14 retinas also did not appear to be laminated, based on through-focal examination of whole-mounted eyes in the microscope. These retinas contained small, dense cells that appeared to be apoptotic. The yot ty17 mutants showed a more variable and less extreme phenotype, with several cases of quite normal opsin expression (Table 3 ). All yot ty17 retinas appeared to be laminated (data not shown).
FIG. 7.
Average eye size of nonsense vs antisense-injected embryos. The asterisk (*) indicates significant (P Ͻ 0.05, unpaired t test) difference from the nonsense-injected controls. Experiment numbers correspond to those indicated in Table 1 (experiment 7 was used for cryosectioning and immunocytochemical markers). n.d., not determined. a Index reflects the distribution of stages of rod recruitment or red cone recruitment see Methods) , calculated using 1/s ¥f i x i , where f is the frequency of observations of each stage, x is an integer corresponding to each stage, and s is the total number of possible stages (Stenkamp et al., 1996) .
b n, number of eyes examined.
DISCUSSION
Expression Patterns of Zebrafish hedgehog Genes Are Consistent with Roles in Retinal Development
There have been three previous reports of hedgehog gene expression within the vertebrate eye. Jensen and Wallace (1997) observed expression of Shh in retinal ganglion cells and inner nuclear layer cells of the mouse retina, by using in situ hybridization. Levine et al. (1997) detected low levels of expression of Shh in embryonic rat retina, and Ihh in embryonic rat RPE, by using RT-PCR. Takabatake et al. (1997) detected expression of Shh by RT-PCR in adult retinas of mice, frogs, and newts, and they found expression of additional hh genes in the RPE of all species studied. In contrast to these previous studies, we have localized expression of two zebrafish hh genes, shh and twhh, exclusively to the embryonic RPE; no expression was seen in neural retina by in situ hybridization. Expression of shh and twhh in the RPE of embryonic zebrafish may not have been observed by others previously, either because the embryos examined were too young (Ekker et al., 1995; Macdonald et al., 1995) or because older embryos were pigmented (not PTU-treated), and the dark melanin granules in the RPE obscured the color product of hybridization (Krauss et al., 1993) .
In the zebrafish, both shh and twhh were expressed in a restricted, ventronasal patch of RPE at 45-48 hpf, which roughly coincides with the time of photoreceptor cell birth (Hu and Easter, 1999) and is 2-6 h prior to the time of rod opsin expression in the adjacent ventronasal patch of neural retina . Expression of both shh and twhh then spread centrifugally across the epithelial sheet, in a manner that predicted the spatiotemporal pattern of subsequent photoreceptor recruitment. The neurogenesis and differentiation of retinal cells in teleost fish follows a stereotyped pattern during eye development, with an initiation site in ventronasal retina, followed by asymmetric centrifugal spread, such that cells in nasal retina are born and then differentiate prior to those in temporal retina (Larison and BreMiller, 1990; Burrill and Easter, 1995; Stenkamp et al., 1996; Schmitt and Dowling, 1996; Hu and Easter, 1999) . This consistent pattern of retinal development suggests some degree of coordination of retinal cell development in the teleost, either by intraretinal cell-cell communication that propagates a wave of differentiation or by extracellular signals originating from outside the retina, but with a similar spatiotemporal distribution. Zebrafish hh genes may be considered candidates for involvement in either of these possible mechanisms. However, it is unlikely that Hh signaling is involved in the neurogenesis or differentiation of ganglion cells, as these events begin well before hh genes are expressed in the RPE (Burrill and Easter, 1995; Hu and Easter, 1999) .
Reduction of shh/twhh Expression in Zebrafish RPE by Antisense Oligonucleotides Slows the Progression of Rod Photoreceptor Development
In mammalian embryonic retinal cell culture, addition of recombinant Shh protein stimulates cell proliferation and the consequent differentiation of additional retinal cells, although the degree and specificity of this effect are still a matter of debate (Jensen and Wallace, 1997; Levine et al., 1997) . We have not yet explored the effects of supplying additional hedgehog protein to developing zebrafish eyes, but have instead determined the effects on photoreceptor development of a reduction in hedgehog gene expression, achieved by injection of a cocktail of antisense oligonucleotides or by mutations in genes that are part of the Hh signaling pathway. The oligos were judged effective at blocking shh/twhh expression in the RPE, based on the following observations: (1) antisense oligo injections resulted in a qualitative decrease in levels of shh and twhh message and Hh immunoreactivity in the RPE, whereas injection of a control, nonsense oligo at the same concentration did not change the expression of hh genes or the level of Hh immunoreactivity; (2) in an experiment (not shown) in which no change in shh/twhh expression could be detected by in situ hybridization, there was little effect on photoreceptor differentiation (as measured by opsin expression); and (3) injections of antisense oligos at the midepiboly stage resulted in an array of abnormalities characteristic of reduced expression of hedgehog genes, while the nonsense oligo caused no such abnormalities (not shown).
The selective reduction of shh/twhh expression in the RPE but not significantly in the CNS was unexpected. Possible explanations include a higher level of expression or a higher rate of hh mRNA/protein turnover in the CNS compared to the RPE (see Spiller et al., 1998) or the existence of a structural barrier that limits access to oligonucleotides, such as a dense basal lamina at the pial surface. Information on the relative permeability of the neural tube compared to the eye during zebrafish development is lacking. However, in other species the blood-retinal barrier, and the dense basal lamina of Bruch's membrane at the back of the eye, do not appear until well after the time of initial photoreceptor differentiation (Rizzolo, 1997) .
Injection of antisense hh oligos, and null mutations in the shh gene (syu 14 ), led to a reduction in the extent of retinal coverage by rod-opsin-expressing photoreceptors. The pattern of propagation of rod differentiation has been described for zebrafish between 48 and 82 hpf , and the pattern seen at 75 hpf in antisense-injected embryos and in syu 14 mutants resembled that typical of much younger (53-60 hpf), wild-type or nonsense-injected embryos (see Figs. 4, 5, and 6) . These findings suggest that reduced Hh signaling interfered with photoreceptor development. The alteration in the opsin expression index was more profound in syu 14 embryos than in shh/twhh antisense-injected embryos. A likely explanation is that the syu 14 mutant lacks normal shh expression during the entire period of retinal development, while the decrease in hh gene expression following antisense oligo injections was transient and levels returned to normal by 75 hpf (data not shown). It is also possible that, since shh and twhh are important for earlier steps in eye development, the apparent delay in rod recruitment observed in the syu 14 embryos at 75 hpf may be in part a consequence of early eye patterning defects or a general delay in development.
These results are consistent with those of Jensen and Wallace (1997) and Levine et al. (1997) , which showed that Shh protein stimulates photoreceptor differentiation in vitro. Additionally, the present study provides the first demonstration of a function for ocular hh gene expression in vertebrates in vivo. Furthermore, while previous studies showed that Hh signaling is sufficient to promote photoreceptor differentiation, the present study provides the first indication that it may also be necessary.
Reduction of shh/twhh Expression in Zebrafish RPE by Antisense Oligonucleotides Primarily Affects Photoreceptor Differentiation
Recruitment of both red cone photoreceptors and rod photoreceptors was delayed in embryos injected with antisense oligos, and in the Hh-pathway mutants, suggesting that the differentiation of both cell types may be regulated by Hh signaling. The expression of ptc-2 in retinal neuroepithelial cells may indicate that the Hh signal influences retinal progenitor cells, but since a reduction in hh gene expression resulted in similar effects (though to a varying degree) on multiple cell types, it is unlikely that Hh signaling influences cell fate decisions. Our findings are instead largely consistent with those of Levine et al. (1997) , who observed a slight increase in total cell number and more robust increases in expression of photoreceptor-specific markers in embryonic rat retina cultures treated with recombinant SHH. In the present study, reduction of Hh signaling in vivo correspondingly resulted in a slight, but not significant, decrease in numbers of several retinal cell types but in significant effects on photoreceptor differentiation. However, in some embryos injected with antisense oligos (and in the syu 14 embryos), growth of the entire eye was reduced and lamination was disrupted. Taken together, these results suggest that hedgehog expression may have a primary effect on differentiation of photoreceptors (as suggested by Levine et al., 1997) , whereas growth and differentiation of other cells and tissues of the eye may be affected by indirect mechanisms, acting through cell-cell and tissue-tissue interactions. A more detailed analysis of cell proliferation and differentiation of multiple cell types in response to changes in Hh signaling at several stages of retinal development is under way.
The Role of hedgehog Genes in Promoting Differentiation of Photoreceptors May Be Conserved between Drosophila and Zebrafish
In Drosophila, hedgehog expression drives the progression of the morphogenetic furrow across the developing eye, by (indirectly) synchronizing terminal mitoses in a linear array of neuroepithelial cells and stimulating subsequent photoreceptor differentiation. These newly differentiated photoreceptors then express hedgehog, and the entire process is repeated for the array of undifferentiated cells immediately anterior, thus propagating the morphogenetic furrow (Heberlein and Moses, 1995) . In the zebrafish eye, shh and twhh may similarly coordinate the progression of photoreceptor differentiation in the developing zebrafish eye, by driving retinal progenitor cells through a terminal differentiation (as proposed by Levine et al., 1997) and stimulating subsequent photoreceptor differentiation (Levine et al., 1997; Jensen and Wallace, 1997 , and the present report). Since the ptc-2 gene appears to be expressed by retinal neuroepithelial cells in zebrafish, we speculate that Hh may initiate deployment of a photoreceptor differentiation program in retinal progenitor cells. However, since hybridization of the ptc-2 probe was occasionally observed in RPE, and in multiple cell types of the laminated region of the developing retina (see Results), it is also possible that ptc genes are expressed in other cell types of the eye. Therefore, the Hh signal from the RPE may interact with other RPE cells, which may in turn influence photoreceptor development, or the Hh signal may influence maturing photoreceptors directly.
While the function of hh genes in retinal development may be similar in Drosophila and zebrafish, the tissuespecific expression pattern is not. The RPE is a tissue layer unique to the vertebrate eye, performing an array of metabolic activities critical for retinal function. Interestingly, one of these activities, regeneration of the visual pigment chromophore, 11-cis retinal, is performed by the RPE in vertebrates (Bok, 1990) , but takes place in the photoreceptor cells in invertebrates (Pepe and Cugnoli, 1992) . Expression of hh genes for the regulation of retinal development may be another example of an invertebrate photoreceptor function assumed by the vertebrate RPE.
The importance of the RPE for photoreceptor development and survival has been recognized for some time (Hewitt and Adler, 1992) ; indeed, the absence of RPE in vivo results in failure of retinal development, followed by degeneration and resorption of the eye (Raymond and Jackson, 1995) . A number of investigators have identified soluble factors in RPE-conditioned medium, or in the interphotoreceptor matrix, that have photoreceptor survival and/or differentiation-promoting activities in in vitro models for photoreceptor development (Liu et al., 1988; Spoerri et al., 1988; Hewitt et al., 1990; Watanabe and Raff, 1992; Steele et al., 1993; Sheedlo and Turner, 1996) . Hedgehog proteins may now be considered candidates for some of these activities.
